Aims: The object of this study was to determine the impact of only modifying the processing and/or particle size of pig feed on Salmonella shedding and faecal microbiota. Methods and Results: Pigs were fed a diet that varied only by their processing (pellet or mash) and their particle size (500, 750 or 1250 lm) for 21 days.
Introduction
Worldwide foodborne salmonellosis is still a concern for the industry and for public health. In Canada, it was recently estimated that an average of 87 000 cases of foodborne illness a year are due to nontyphoidal salmonellosis (Thomas et al. 2013) . While this bacteria was previously associated with chicken meat and eggs, a similar proportion of chicken and pork meat could come in contact with Salmonella spp., as noted by a recent report by the Public Health Agency of Canada (PHAC). In fact, this document underlines that, from 2002 to 2011, Salmonella spp. prevalence in the caecal content of pigs has been increasing while it has been decreasing in the caecal content of chickens (Government of Canada 2012). Since Salmonella spp. contamination of pig carcasses occurs at the slaughter house, a lesser prevalence of Salmonella in intestinal content together with optimized slaughter procedures would lead to lower rates of Salmonella-contaminated meat (Berends et al. 1996; Alban and St€ ark 2005) . In fact, a high rate of seroconversion in pigs (production of antibodies against Salmonella) has been, in some conditions, correlated with a higher risk of Salmonella spp. presence on carcasses (Letellier et al. 2009 ), which has encouraged efforts to control Salmonella in primary production.
Many on-farm interventions have been tested to reduce the prevalence of the bacteria in pig production (Pluske et al. 2002; O'Connor et al. 2008; Friendship et al. 2009 ). Among these, many involve the modification of pig feed. There are a variety of available strategies, ranging from supplementing the feed (e.g. organic acid supplementation) to modifying feed composition or presentation (liquid vs dry feeding) (van der Wolf et al. 1999 (van der Wolf et al. , 2001 Creus et al. 2007) .
In their meta-analysis on the possible feeding practices linked with the presence of Salmonella spp., O'Connor et al. (2008) gave the highest level of confidence to the use of pelleted feed. Since then, Wilhelm et al. (2012) also corroborated, with the same approach, that a coarse or meal feed is more likely to reduce shedding prevalence of Salmonella spp. or at least reduce seroconversion risk than the other feed-related mitigation options compared. However, both studies underlined that only a 'low or very low level of confidence' could be given to the use of a mash (or meal) and/or large particle size feed presentation to reduce the Salmonella burden in pig production, mainly because of the lack of control groups and of indirect evidence to evaluate Salmonella effect in the different studies published to date (O'Connor et al. 2008; Wilhelm et al. 2012) . In fact, many interfering factors (composition, particle size, processing, heating) might disturb accurate comparison between groups in the epidemiological studies that suggested an association between pelleted feed or finely ground feed with a higher Salmonella prevalence. Moreover, many of the studies can only base their conclusion on seroprevalence (presence of antibodies directed against Salmonella) comparisons because not enough animals were bacteriologically confirmed as Salmonella spp. shedders (Jorgensen et al. 1999; Kjeldsen and Dahl 1999) .
Presentation of feed has previously been reported to influence pigs' gut health. Finely grinding and pelleting the feed has been associated with more gastric ulcers and narrower intestinal crypts (Kjeldsen and Dahl 1999; Callies et al. 2012) . Moreover, other studies showed a beneficial effect of a coarsely ground and/or mash feed on specific targeted populations of the microbiota considered as beneficial (Mikkelsen et al. 2004; Papenbrock et al. 2005) . To our knowledge, the literature still lacks a wide angle study that isolates the effect of feed particle size and processing on the microbiota without only targeting specific populations.
The objective of this study was to measure the impact of modifying the particle size and/or the mash or pellet of pig feed on Salmonella spp. shedding status without any other variable between the test groups. At the same time, our second objective was to describe the impact of these modifications of the feed on the major populations of the microbiota using next-generation sequencing techniques.
Material and methods

On farm
Eight hundred and forty-eight week old piglets known to have been naturally in contact with Salmonella spp. were distributed 10 per pen in four rooms upon their arrival at the farrow-to-finish farm. Each pen was assigned one of the six specific diets varied only by their processing (pellet or mash) and particle size (500, 750 or 1250 lm; Tables 1 and 2 ). On day 0 (D0) and 21 (D21), pigs were individually weighed and faecal samples were individually taken from 144 pigs (two per pen; 12 pens per diet). A 1 g sample was immediately put in a cryogenic tube and preserved in liquid nitrogen for further DNA analysis while the rest of the sample was kept at 4°C. Throughout this trial, the amount of feed given to each pen was weighed to estimate the feed conversion rate of the pigs.
Salmonella spp.
A protocol based on a modified version of the ISO 6579 annexe D method for isolation of Salmonella spp. from stool and feed samples was performed using the MSRV and yohm genes, as described in Bratchikov and Mauricas (2011) , and attribution of the type to a serotype was done by the Salmonella typing reference laboratory in Quebec (LEAQ, St-Hyacinhte, QC, Canada). Salmonella spp. seroconversion was followed by a commercial ELISA kit (Maxivet, St-Hyacinthe, QC, Canada). Sera were analysed by the diagnostic service of the Facult e de M edecine V et erinaire of the University de Montr eal.
DNA extraction
Stool samples were kept in liquid nitrogen during transport and then at À80°C until extraction. The cell mechanical lysis was performed on 500 mg of faeces in 500 ll of lysis buffer with the MP Biomedicals TM Lysing Matrix C TM using a MP-Fastprep-24 TM (MP Biomedicals, Santa Ana, CA) twice at an intensity of 6Á0 for 40 s. The DNA was then extracted with a classic Phenol-Chloroform method, precipitated with alcohol and resuspended in T 10 E 1 (adapted from Pakpour et al. 2012) . The extract was treated with Invitrogens TM RNAase Cocktail TM (Invitrogen, Waltham, MA) before being quantified by Nanodrop â ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE) to assess the quality and quantity of each individual extract and preserved at À20°C.
Microbiota analyses
Partial 16S rRNA (V2-V3) PCR was performed using the universal primers F343 (5 0 -TACGGRAGGCAGCAG-3 0 ) and R533 (5 0 -ATTACCGCGGCTGCTGGC-3 0 ) containing the 10-bp multiplex identifiers (MID) and adaptor sequences for Ion Torrent (Thermo Scientific) sequencing on DNA extract from the faecal samples of each pig (Yergeau et al. 2012; Sanschagrin and Yergeau 2014) . PCR products were purified on 2% agarose gel and pooled in an equimolar ratio and sequenced together. A total of 3Á5 9 10 7 molecules were used in an emulsion PCR using the Ion OneTouch 200 Template Kit v2 (Thermo Scientific) and the OneTouch instruments (Thermo Scientific) according to the manufacturer's protocol. The sequencing of the pooled library was done using the Ion Torrent Personal Genome Machine (PGM; Thermo Scientific) system and a 316 chip with the Ion Sequencing 200 kit (Thermo Scientific) according to the manufacturer's protocol. The sequences, deconvoluted and binned, were trimmed using the RDP (Ribosomal Database Project) Pipeline Initial Process tool with an 80% bootstrap cut-off (Cole et al. 2005) . Sequence data were assigned using the RDP Pyro-sequencing Pipeline (http://pyro.cme.msu.edu/, RDP release 10, update 26) and classified using the RDP Classifier tool. Once attributed, every taxon present in eight or fewer samples were ignored to ensure the pertinence of statistical comparisons. Samples from the pigs fed a mash or pellet 750 lm feed were excluded from these analyses.
Real-time PCR
Real-time PCR was performed to confirm the significant differences observed with the Ion Torrent Amplicon sequencing analyses. The primers: Bif-F: CTCCTGGA AACGGGTGG and Bif-R: GGTGTTCTTCCCGATATC TACA were used to quantify the bacteria from the Bifidobacterium genus using an Eco â Illumina â real-time PCR (Illumina, San Diego, CA) with EvaGreen â qPCR mix (Montreal Biotech, Montreal, QC, Canada) as recommended by the manufacturer. The analysis was conducted in duplicate on 10 ng of DNA with an initial denaturation of 5 min at 94°C followed by 40 cycles of 20 s at 94°C, 20 s at 55°C and 50 s at 72°C (Matsuki et al. 2004) . A Real-time PCR analysis was also used to determine and compare the enterobacteria : lactobacilli ratio. The primers Ent-F: ATGGCTGTCGTCAGCTCGT, Ent-R: CCTACTTCTTTTGCAACCCACTC, LB-F: GCAGCAG TAGGGAATCTTCCA and LB-R: GCATTYCACCGCTA CACATG were used to respectively quantify the enterobacteria and lactobacilli populations. The analysis was conducted in duplicate on 15 ng of DNA with an initial denaturation of 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 60 s at 60°C as described in Real-time PCR system software ver. 4.0.007.0 (Illumina, San Diego, CA, USA) and expressed in copying of DNA. Samples from the pigs fed a mash or pellet 750 lm feed were excluded for these analyses.
Statistical analyses
The Salmonella spp. shedding data were analysed by logistic regression considering a clustering by pen. The Ion Torrent Amplicon sequencing data were analysed using a Mann-Whitney-Wilcoxon analysis by rank. Realtime PCR results were compared by an ANOVA with a Tukey post hoc test. All analyses were done with SAS ver. 9.3 (SAS, Cary, NC) and a P < 0Á05 was considered as significant except for the next-generation sequencing analysis of the taxonomic level below the phylum level.
In this case a P < 0Á05 was considered as a trend and a difference was significant if P < 0Á0005 because of the large number of comparisons done.
Results
On-farm production
At days 0 and 21 of the fattening period, an equal distribution of pigs' weight could be observed, regardless of the conditions compared (respective average of 22Á42 AE 0Á40 kg and 38Á47 AE 1Á15 kg body weights). As for the feed conversion, the pigs fed on a mash feed regardless of the particle size presented a slightly higher average rate (1Á97 AE 0Á10) than those fed a pellet feed (1Á85 AE 0Á08), but the difference was not significant.
Salmonella
At the start of the fattening period, an equal proportion of pigs were shedding Salmonella spp. regardless of the future attribution of feed. Sixty-one of 67 isolates belonged to the Salmonella Ohio serotype while three were of the Salmonella Typhimurium serotype (lys. 193) and the last three of the Salmonella Choleraesuis var kunzendorf serotype. After 21 days of their specific diet, significantly more pigs from the group fed with the commercial reference diet (pellet 500 lm) were shedding Salmonella spp. than the pigs from the groups fed mash or pellet 1250 lm (P = 0Á0049 with an odds ratio of 6Á3 IC95% (À3Á13 to À0Á56) ) and mash 500 lm diets (P = 0Á0010 with an odds ratio of 38Á5 IC95% (À5Á81 to À1Á48) ; Fig. 1 ). When the different parameters of the tested diets are considered separately (feed processing regardless of particle size and vice versa), a significantly greater proportion of pigs fed a pellet diet shed Salmonella spp. (P = 0Á0010 with an odds ratio of 2Á6 IC95%
(À5Á81 to À1Á48) ; Fig. 2a ). Those fed a 500 lm particle size diet also shed significantly more Salmonella spp. when compared to those fed a 1250 lm diet (P = 0Á0049 with an odds ratio of 1Á5 IC95% (À3Á13 to À0Á56) ; Fig. 2b ). A significant impact of feed processing (P = 0Á0010), particle size (P = 0Á0189) and interaction between the two (P = 0Á0094) was demonstrated, meaning that not only do both of our tested parameters have an impact on Salmonella spp. shedding, they also demonstrate a synergy when used together. At this date (D21), no change in the serovar distribution was noticed, as still a majority Salm. Ohio (39/46) was detected and the two others serotypes were still present, according to the matching HRM profile. At day 0 and 21, none of the pigs were Particle size Figure 1 Number of pigs shedding Salmonella spp. per diet after 21 days of specific diet (n = 24 per diet). Letters indicate significant difference P < 0Á05, using a logistic regression analysis. Processing: Pellet (dark grey) and mash (light grey).
seropositive for Salmonella spp. antibodies with an average score of 2% seroconversion per pig.
Since the Salmonella spp. shedding prevalence of the pigs fed a 750 lm mash or pellet feed were not different from the other groups, they were excluded from the microbiota analysis, which provided more reads per sample and a 2 9 2 factorial comparison between small and large particle size and pellet or mash processing.
A 100 g of each feed presentation type, from a pool of samples taken randomly throughout the farm, was analysed at D0 and at D21 and no Salmonella spp. were found in any of the 12 batches.
Microbiota analyses
The Ion Torrent analysis of the samples at day 0 and 21 produced an average of 32 000 and 37 000 total reads per sample respectively (after processing). An average of 132Á7 and 144Á5 taxa were found respectively at day 0 and 21. No significant differences could be found between the groups for these two data at both tested dates.
At D0, the random distribution of the pigs did not generate an equal distribution of the phyla between some tested groups. At this point, the piglets that will be fed a pellet diet, independent of particle size, presented a higher prevalence of Bacteroidetes and lesser prevalence of Spirochaetes than did those that we be fed with a mash diet (P < 0Á05); other phyla were uniformly distributed in faecal flora (Table 3) . At D21, bacteria from the Bacteroidetes phylum, however, were present in significantly greater proportion (P < 0Á05) in the faeces of the pigs fed mash feed, although those from the Spirochaetes and Firmicutes phyla were less represented compared to in the faeces from the pellet groups (Table 3) . A similar distribution could be observed between the major phyla from the faeces of pigs fed either 500 or 1250 lm particle size feed independent of the feed processing (Table 4) .
A total of 48 bacterial taxa below the phylum level showed a tendency (P < 0Á05) to be differently represented in the faecal flora depending on the conditions tested, considering particle size or feed processing independently (Fig. S1 ). Among those, the representation of 14 of them was strongly influenced by feed processing and/or its particular size, (P < 0Á0005; Fig. 3 and Fig. S1 ). It should be put forward that only the bacteria from the Oxalobacteraceae family were advantaged both by the small particle size and the pellet conditions while only the Bifidobacterium genus components were advantaged by the large particle size and the mash processing. It should also be noted that none of the 48 bacterial taxa 
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Figure 2 (a) Number of pigs fed a mash or a pellet feed (independent of particle size) shedding Salmonella spp. after 21 days of a specific diet (n = 72 per diet). Letters indicate significant difference P < 0Á05, using a logistic regression analysis. Processing: Pellet (dark grey) and mash (light grey). (b) Number of pigs fed a 500, 750 or 1250 lm feed (independent of processing) that shed Salmonella spp. after 21 days of a specific diet (n = 48 per diet). Letters indicate significant difference P < 0Á05, using a logistic regression analysis. Particle size: 500 (dark grey), 750 (light grey) and 1250 (medium grey). Table 3 Proportions of major phyla present in faeces of pigs fed a mash or pellet feed processing (independent of particle size) at D0 and D21 (* indicates a significant difference (P < 0Á005), as determined by Mann-Whitney between the two tested conditions for this specific phylum (on the same line) at this date)
that showed a trend (P < 0Á05) were advantaged at the same time by the pellet processing and the large particle size or by the mash processing and the small particle size.
Real-time PCR
Some bacteria (including the Bifidobacterium genus) currently used as microbial descriptors of the faecal flora were quantified by real-time PCR to assess if they were only represented in greater proportion if they actually existed in greater number. More Bifidobacterium spp. were found in the faeces from pigs fed the mash 1250 lm diet (4Á2 log of copies (DNA ng) À1 ) than all three other tested groups (mash 500 lm: 3Á40 log of copies (DNA ng) À1 ; pellet 500 lm: 3Á25 log of copies (DNA ng) À1 ; pellet 1250 lm: 3Á32 log of copies (DNA ng) À1 ; P < 0Á0001). Significantly more Bifidobacterium spp. were found in faecal flora for the pigs fed mash feed (3Á81 log of copies (DNA ng) À1 ) compared to those fed pellet feed (3Á29 log of copies (DNA ng) À1 ) regardless of particle size or for the pigs fed a 1250 lm diet (3Á77 log of copies (DNA ng) À1 ) compared to those fed a 500 lm diet (3Á32 log of copies (DNA ng) À1 )
regardless of processing (P = 0Á0005; P = 0Á0031 respectively; Table 5 ). Lactobacilli and enterobacteria were also Table 4 Proportions of major phyla present in faeces of pigs fed a 500 lm or 1250 lm feed particle size (independent of processing) at D0 and D21 (No significant difference (P < 0Á005) were found, as determined by Mann-Whitney between the two tested conditions for these specific phyla at this date) 500 lm 1250 lm
1 (f) Figure 3 Venn graphic representing the number of bacterial populations that were advantaged by a specific feed processing and/or particle size according to the Ion Torrent Amplicon sequencing analyses (P < 0Á0005). (a) Spirochaeta; (b) Anaerobacter, Clostridium cluster I and XI; (c) Bacteroidetes, Fibrobacter, Eubacterium, Ruminococcaceae; (d) Streptococcus, Sarcina, Roseburia, Veillonellaceae; (e) Oxalobacteraceae; (f) Bifidobacterium. Table 5 Real-time PCR quantification of Bifidobacterium, enterobacteria and lactobacilli from faeces of pigs at D0 and D21 (average log of number of copies (ng of faecal DNA) À1 (n = 24) AE SD). Marks indicate significant difference P < 0Á05, using an ANOVA analysis with a Tukey post hoc, between the two groups sharing the same mark 500 1250 Average
measured by real-time PCR but no significant differences could be seen at D21 for either bacteria group or for their ratio (Table 5) .
Discussion
In 2004, Lo Fo Wong et al. demonstrated that pigs fed a dry nonpelleted feed had two times lower odds to be seropositive for Salmonella spp. antibodies compared to those fed pelleted feed (Lo Fo Wong et al. 2004) . These results are similar to the 3Á33 times greater odds to be Salmonella seropositive when fed a fine ground and/or a pellet feed found by Jorgensen et al. (1999) . In this study, the piglets were 56-77 days old (at respectively D0 and D21), which according to Beloeil et al. (2003) , corresponds to the moment in a pigs life when the serological response is at its lowest. This could explain why no seropositivity difference could be measured between the different groups in the present work. It has been previously described in various Canadian studies that a liquid or mash feed could reduce the odds of Salmonella spp. faecal shedding. These studies compared many different farms which would have introduced many uncontrolled variables between the tested groups such as antibiotic use, herd size or production type (O'Connor et al. 2008; Farzan et al. 2010) . To the best of our knowledge, our study is the first to demonstrate an impact of pig feed processing and/or particle size on Salmonella spp. shedding in industrial conditions without other potential differences between the tested groups. In fact, we found that pigs fed a pellet feed (regardless of particle size) had 2Á6 times greater odds to be shedding Salmonella spp. compared to those fed a mash feed. We also demonstrated that a pig fed a small (500 lm) or medium (750 lm) particle size had respectively 1Á5 and 2Á8 greater odds to be shedding Salmonella spp. than the pigs fed a large (1250 lm) particle size feed regardless of processing. This could be explained, in part, by changes in the physicochemical properties of the stomach, such as higher concentration of organic acids and lower pH in pigs fed a coarsely ground feed (Mikkelsen et al. 2004) .
Lo Fo Wong et al. (2004) hypothesized that larger particle feed might not be digested as well as small particle feed, in which case more carbohydrates would arrive in the large intestine that would help create the formation of a hostile environment for Salmonella spp. This is compatible with the reduction of Salmonella spp. shedding that was observed in this study. Moreover, we measured that the modification of the pigs feed presentation alone had an impact on major bacterial phyla found in the faeces. In fact, a greater proportion of bacteria from the Bacteroidetes phylum and a lesser proportion from the Spirochaetes and Firmicutes phyla were found in the faeces from the pigs fed a mash processed feed when compared to the faeces from the pigs fed pellets. Since it is known that piglet's gut microbiota phyla profile changes over time, only piglets of the same age (11 weeks) were compared between the different groups at the same time. For the same reason, the microbiota at D0 was not compared with the microbiota at D21, therefore reducing the number of variables in the analysis.
When focusing on the lower taxonomic ranks, fourteen populations were found to be advantaged by one or more of the conditions tested (Table 4 ). In their study on pigs becoming high or low Salmonella shedders, Bearson et al. (2013) linked the bacteria from the Ruminococcus genus to the group that would go on to become low shedders. Interestingly, in the present study the family Ruminococcaceae (for which the Ruminococcus genus is the type genus), is present in greater proportion in faeces from pigs fed a smaller particle size feed. Since pigs fed small particle feed shed more Salmonella spp., our findings do not seem to concur with those of Bearson et al. It must be noted that both studies had different conditions. For instance, in Bearson's study, all of the pigs were shedding Salmonella spp. which was not the case in our study. Also, in their study, pigs were artificially infected but in ours, they were naturally contaminated from their environment before arriving at the farm. Therefore, it is interesting to note that similar taxa have different links with the presence of Salmonella.
In this study, only one bacterial genus-Bifidobacterium-clearly appeared to be advantaged at the same time by large particle size and mash processing. Bacteria from this genus are frequently described as good health indicators and used as probiotics or targeted by prebiotics (Gibson and Wang 1994; Brown 2011; Tomosada et al. 2013) . Thus, the quantification by real-time PCR confirmed the changes in the proportions seen with the Ion Torrent sequencing data. The confirmed greater presence of Bifidobacterium in the faeces of pigs fed mash feed or larger particle feed strongly suggest a feed induced better gut health. In fact, some strains of Bifidobacterium have been proven to reduce gut inflammation (Tomosada et al. 2013) . Since gut inflammation induces the production of mucin that help the attachment of Salmonella spp. to the gut wall, this phenomenon could contribute to limiting the presence of Salmonella spp. shedders in the groups where more Bifidobacterium spp. where found (Stecher et al. 2007) .
Bacteria from the Oxalobacteraceae family were advantaged by pellet processing and small particle size. Bacteria from this family have previously been found in soil and some of the members were reported as nitrogen fixing bacteria colonizing plant roots (Ofek et al. 2012) . This family has not yet been linked with a role in the digestive microbiota of pigs, although it was associated with better pig weight gain performance (Tatsuya et al. 2015) . Also, it was described that irrigating fields with water containing a high-level of Salmonella can lead to an increase in the relative abundance of Oxalobacteraceae in the rhizosphere (Zhang 2015) . This result corroborates our observation of a parallel increase of Salmonella occurrence and of bacteria from the Oxalobacteraceae family in the pigs' faeces when fed pellets and/or small particle size feed in this study.
In proportion, bacteria from clusters I and XI of the Clostridium genus were advantaged by a mash processed feed. While Clostridium cluster I contains many pathogens or potential pathogens, namely Clostridium perfringens, many bacteria from this genus produce short-or medium-chain-fatty-acids (SCFA or MCFA) that have a favourable impact on gut health (Collins et al. 1994 ). Moreover, SCFA or MCFA can reduce Salmonella prevalence in pig production (Creus et al. 2007 ). This is explained by the fact that some SCFA can inhibit the expression of invasion genes located on the Salmonella Pathogenicity Island-1 (SPI-I) which is necessary for the colonization of the intestinal tract by the bacteria (Lawhon et al. 2002) . While this effect is unquestionable in the presence of butyrate, it seems to be pH dependant for acetate and propionate (Durant et al. 1999; Lawhon et al. 2002; Gantois et al. 2006) . Moreover, bacteria from the butyrate-producing genus Roseburia were found in greater proportion in the faeces of pigs fed a large particle size feed as compared to the faeces of those fed a small particle size feed (Louis et al. 2004) .
In their study on digestive flora changes associated with piglet feed presentation, Jorgensen et al. found more lactic acid bacteria in the stomach content of pigs fed a coarse nonpelleted feed. In the caecum content, the number of lactic acid bacteria did not vary but there were more coliforms in the pigs fed a finely ground pellet than in the pigs from a coarse nonpelleted group (Jorgensen et al. 1999) . In this study, real-time PCR analyses of the lactobacilli and the enterobacteria showed a similar quantification for all the faeces of the tested groups for a given date. Further investigation of the different parts of the digestive system could reveal some differences, as seen in other studies.
In conclusion, this is, to our knowledge, the first study to demonstrate an impact of the processing and/or the particle size of feed on the shedding of Salmonella spp. in pigs without any uncontrolled variables between the tested groups in industrial production conditions. Moreover, we measured that modifying the processing and/or particle size of feed results in specific changes in digestive flora. Among these modifications, we demonstrated an increased representation of the Bifidobacterium genus in the pigs' faeces with higher particle size and/or mash feed, which corroborates the suggested role of this genus in better gut health for the animals fed this feed presentation. Further analyses should be done to investigate the mechanisms by which these changes could explain why they are unfavourable for Salmonella spp.
